Abstract
Introduction
Infrared (IR) spectroscopy has dramatically evolved due to the development of micro-electronics and data processing. The introduction of Fourier Transform IR spectroscopy has added stability, resolution and speed to measurements. Whole-IR spectra analysis is now a rapid, reproducible method which is finding its way in multiple applications in the analysis of biological compounds.
IR radiation can excite certain molecular groups and this vibration takes place at fixed wavelengths. If a sample of a certain substance is radiated with a continuous spectrum of IR light, a characteristic resonance absorption band is obtained. Proteins, carbohydrates, fatty acids and nucleic acids are the major biochemical compounds present in microbial cells. They are formed by different chemical groups with distinct IR absorption properties. When the IR spectrum of such a multivariate compound is obtained, it is made up of a conglomerate of absorption bands which form broad and complex curves. However, these spectra can be mathematically analysed in order to unveil the differences in quantity and quality between the distinct samples, i.e. between the chemical composition of micro-organisms. The result is that IR spectra can be considered as a unique microbial fingerprint, since their taxonomic differences have a chemical background. Alimentos, Facultad de Veterinaria, Universidad de Ledn, 24071 Leon, Spain E-mail: dhtmpm@unileon.es Measurements can be obtained from all micro-organisms no matter which group they belong to (Naumann et al., 1991; Magee, 1993) . Characteristic of data afforded by Fourier Transform IR spectrometry is the large number of characters obtained, reflecting altogether cell composition. Data should be automatically acquired and processed by means of number-crunching computers and powerful statistical programs.
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Visual Basic is a versatile, object-oriented programing language which creates applications for Microsoft Windows. It maintains the Basic flow control structures with some minor modifications, and adds tools to create windows and controls (Ceballos, 1994) .
The main objective of this work was to develop a program for microbial identification using their IR spectra. Also, properties required were its easiness of use, with on-line, context-sensitive help, and mathematical tools to measure the statistical properties of the distinct libraries.
System and methods

Computer programs
Two computer programs were designed for spectra identifications and library handling. The program 'Transform' works in the IR Data Manager environment (GEM, Digital Research, Inc. and the Perkin-Elmer Corp.) and performs several operations in order to produce comparable spectra. These undergo the following transformations: interpolation, smoothing, normalization and second derivative. Thus, differences between replicates due to apparatus calibration, sample variation or environment interferences can be minimized. After transformation, absorbance data belonging to unknown strains are exported in ASCII format. The second piece of software ('WinSpectra') was written in Visual Basic (Microsoft Corp., v. 3.0) and designed for working in the Microsoft Windows environment. This program imports the ASCII files created with 'Transform' and is able to handle and analyse them.
The 'Winspectra' executable file (360 kbytes) is placed by the installation procedure in the 'Spectra' subdirectory, along with the help file (30 kbytes) and some example files. 'Transform' is a 'Basic for IRDM' program. It does not M.Prieto Miradona require compilation, but it should be copied to the C:\IRDM\DATA\OBEY directory.
All computations (compiling, library building and identifications) were carried out on a 486-66 MHz PC with 16 Mbytes of RAM.
Files
Libraries containing the spectra are stored as independent ASCII files, with extension '.MAT', with three basic subdivisions. The first line contains the number of taxa and a general description of the data base. The second part stores the name of taxa and information about them. The third is formed by a rectangular matrix with the IR spectral data. The program is able to store up to 100 taxa and occupies at most 1.2 Mbytes of disk space. Files containing unknown spectral data have a size of 19 kbytes and consist of a single column with 1300 rows, the first of them being the spectrum identification.
Introductory module
The program is executed by clicking on the Windows icon. The presentation screen has the typical Windows appearance with an upper line displaying headings of pull-down windows. The user can move around using the mouse, and select options by using its left button. Libraries are picked up by means of the classical Windows Dialog box. This procedure selects for files having '.MAT' extension. When the format is not adequate, an error message warns the user about the problem encountered. After a library present on disk is loaded, its name (along with a short description of taxa included) is displayed in the upper line. Information about taxa included in the matrix and their specific characteristics is obtained in the window 'Library Content'. Another way to start the program is to create a new library. This option opens a file dialog window where several individual spectral files (created with 'Transform') can be selected. Files are sequentially read and the library is automatically formed.
Identification menu
The identification process is made up of four consecutive steps. The file containing spectral data of an unknown is loaded, in a similar way as for libraries. Selection of range (spectral windows) follows. Comparison between the unknown and taxa included in the library can be done on the basis of either the whole IR range, a predetermined spectral window, or any other partial range selected by the user.
According to Naumann et al. (1991) , there are five significant spectral windows which offer the maximum information and discriminatory power: (i) the window between 3000 and 2800 cm ', dominated by the influence of functional groups of fatty acids; (ii) the window between 1800 and 1500 cm"', with the influence of the amide groups belonging to proteins; (iii) the window between 1500 and 1200 cm" 1 , a mixed region influenced by proteins, fatty acids and other phosphate-carrying compounds; (iv) the window between 1200 and 900 cm"', with predominant carbohydrate presence; (v) the window between 900 and 700 cm" 1 , which is named the 'true fingerprint', not associated with specific chemical components and showing very particular spectral patterns.
Once the range has been chosen, a mathematical coefficient is picked up. For this purpose, a variety of correlation coefficients (Pearson product-moment and percent similarity) and distance measures (Euclidean, Squared Euclidean, Mean Character Difference, Manhattan, Chord, Canberra and Lance-Williams) are available. Finally, the results are presented with the values obtained for the chosen coefficient. The taxon showing the closest assignment is highlighted.
View module
Graphical representation of spectra is obtained using options included in this module. Selection of taxa or ranges is by the usual windows. Once the image is on the screen, it can be copied to the Windows clipboard and inserted in other Windows programs for presentation purposes.
Library module
This module allows the user to organize libraries. New taxa, obtained either from an individual file or from memory, can be appended. Also, the name and characteristics of taxa and libraries can be obtained, deleted or changed. Another option (Create entry from already existing taxa), useful when working with replicates of the same strain, allows the average spectral data from two or more replicates to be calculated, and the resulting spectral array to be added to the library. Parallel elimination of replicates is possible by ticking a checkbox. It is advisable first to carry out a statistical comparison of replicates, which can be done in the Statistics module, as explained below. Also in this menu, library merging can be selected, creating a new library from two original libraries. The possibility of saving the new library is enabled in the menu if modifications have been carried out.
Statistics module
In the library-building process, it is recommendable to process three replicates of strains intended to be included Software for microMal identification in the matrix and to obtain their spectra. Statistical analysis of replicates will show the reproducibility between their spectra. Then, a decision about inclusion in the library can be taken. Three taxa at most can be selected from a dialog window for analysis purposes. Analysis can be carried out on the whole spectral range or over denned windows. Statistical parameters available are global variance, standard deviation and standard error of the mean. Also, individualized Pearson product-moment correlation coefficient and Euclidean distance coefficient among the three strains are shown on the screen. In addition, correlation or distance coefficients between all taxa included can be calculated and displayed when 'Statistics of all taxa' is selected. Also here, preselection of spectral range and coefficient precedes the presentation of results.
Help module
The help system incorporated in the program 'Winspectra' offers different possibilities to the user. The help file is structured with sections which supply the user with information about IR spectroscopy, materials and methods, and result interpretation. The action of all menu options is explained and examples of identification with graphical displays are also included. The source code for the program 'Transform' is also incorporated. It is possible to select this source code and copy it to the clipboard, and eventually save it in an ASCII file. A list of useful references completes the help file.
Construction of the library and identification procedure
To check the capabilities of the program, a procedure embracing measurement of spectra, library building and identification of unknowns was carried out.
Measurement of spectra and library building
IR spectra were measured with a Fourier-Transform Infrared Spectroscope (Perkin Elmer System 2000 FTIR, Post Office lane, Beaconsfield, Buckinghamshire HP9 1QA, UK). Pure potassium bromide discs were used as a background sample. Measurements were recorded in the range 4000-500 cm" 1 , with a data interval of-1 cm" 1 . The final spectrum of the sample was achieved with a resolution of 4 cm" 1 averaging 25 scans. Spectra were saved to disk with the IR Data Manager program.
A sample library was built based on 30 determinations corresponding to samples from 10 different Lactobacillus species (three replicates each). After spectra recording, the program 'Transform' was used to create transformed ASCII files. To check the identification capability of the program and the library, another three samples from randomly selected Lactobacillus species were also prepared and their spectra recorded, following the same procedure. The library was built using the 'New library' procedure, available in the File menu.
Goodness of replicates and identification
Goodness of replicates was assessed by their standard deviation, variance and standard error of the mean and, as when comparing coefficients, Pearson product-moment correlation and Euclidean distance. Since these were considered satisfactory, a reduced matrix with averaged 10 taxa was obtained, using the option 'Create entry from already existing taxa'. Identification of the three unknowns was then carried out. Assignment of strains was achieved based mainly on the Pearson coefficient, but other coefficients were used to check differences in assignments.
Discussion
The use of both programs has dramatically decreased the average time needed for an identification. The procedure used before was based on the manual transformation of IR spectra and the inclusion of transformed data into a library, with a cluster analysis as the final identification step. With the computer resources available, and taking into account the amount of processed data, the time spent in the procedure was 20-25 min. This time is now reduced to seconds (less than a minute). Another obvious advantage is the lower chances of mistakes since the process is automatic and does not depend on the attention or skill of a worker. The only step which needs an expert is, as for any identification process, the interpretation of results. Contextual help gives information on particular operations carried out by the program.
Library management presents multiple options for making library handling easy. Library building could be done from individual files saved on the hard disk. It is important not to miss any of the steps needed: import (which is automatic and takes some seconds), statistical analysis of replicates (which is more laborious) and merging of adequate replicates. Finally, merged replicates are renamed and described.
Accurate identification of the three unknown strains was achieved after following the described stages. It was based on values of similarity or distance coefficients (Pearson and Euclidean distance). The optimal spectral ranges were W4-W5, although identical results could be obtained with the whole range. Confirmation of results could be seen by graphical displays. Visual examination of spectra showed that differences between strains were mainly located in the region 1400-700 cm"
1 . This aspect was confirmed by the mathematical analysis carried out on M.Prteto Maradooa taxa (standard deviation). This region also showed the best discriminatory properties, and the resulting groups were easily discriminated. This range embraces a subdivision of the 'mixed region', the complete 'polysaccharide region' and the 'true fingerprint'.
Identification using IR fingerprint represents a novel field in microbial taxonomy. Even though the need for the cultivation of micro-organisms constitutes a disadvantage in relation to other techniques, it presents many other advantages in aspects such as reliability, reproducibility and automation of the process. As pointed out by Goulden and Sharpe (1958) , spectra belonging to species of lactobacilli are easy to differentiate, but differences found by them were based on subjective interpretations. The same is applicable to other bacterial groups (Helm et al., 1991) . Differences between strains and their fingerprinting can now be substantiated by means of the statistical parameters included in this program.
Copies of the program are available from the author at distribution cost.
